Introduction {#sec1}
============

Carboxylic acids constitute a group of organic molecules which have been extensively explored in surface science and have provided, through studies of the adsorption of trimesic acid on graphite,^[@ref1]−[@ref6]^ noble metal surfaces^[@ref7]−[@ref11]^ and dielectric surfaces,^[@ref12]^ some of the first examples of two-dimensional supramolecular assembly. The adsorption of isophthalate tetracarboxylic acids, which have an extra carboxylic acid as compared with trimesic acid, on graphite has been shown to result in the formation of several novel supramolecular arrangements including a random rhombus tiling,^[@ref13],[@ref14]^ frustrated crystallization,^[@ref15]^ and guest-induced bilayer growth.^[@ref16]^ These surface studies have so far been limited to investigations of deposition of molecules from solution using alkanoic acids as a solvent, and it is not known whether similar behavior is supported on other substrates, in the presence of other solvents, or, alternatively, for dried films.

We describe in this paper a study aimed at addressing these questions and report herein the formation of adsorbed molecular phases which arise when tetracarboxylic acids are deposited on Au(111) by dipping in an aqueous solution. We observe new surface phases which switch from a parallel to herringbone packing coupled to an intrinsic degree of disorder as the molecular length of the carboxylate is increased. Specifically we investigate biphenyl-3,3′,5,5′-tetracarboxylic acid (BPTC), terphenyl-3,3″,5,5″-tetracarboxylic acid (TPTC), and quarterphenyl-3,3‴,5,5‴-tetracarboxylic acid (QPTC) (Figure [1](#fig1){ref-type="fig"}).

![Molecular structures of biphenyl-3,3′,5,5′-tetracarboxylic acid, BPTC; terphenyl-3,3″,5,5″-tetracarboxylic acid TPTC; and quarterphenyl-3,3‴,5,5‴-tetracarboxylic acid, QPTC. Carbon atoms are gray; oxygen atoms red; and hydrogen atoms white.](jp-2013-02333m_0002){#fig1}

Experimental and Theoretical Methods {#sec2}
====================================

\(i\) Sample preparation: Gold on mica substrates were purchased from Georg Albert PVD (300 nm thick), and substrates were flame-annealed using a butane gas torch prior to the deposition of molecules. Freshly annealed Au(111)-mica samples were immediately immersed into aqueous solutions of BPTC (0.5 mM) or TPTC (0.4 mM) or QPTC (0.3 mM) at room temperature. After a few minutes, the samples were removed from the solution and dried in a flow of N~2~. BPTC, TPTC, and QPTC were synthesized using the procedures published previously.^[@ref13],[@ref17],[@ref18]^

\(ii\) STM measurements: All images were obtained using mechanically sharpened PtIr (80:20) wire under ambient conditions on a *Molecular Imaging PicoSPM*. Tunnel current and bias voltages applied to the sample were 50--100 pA and 0.5--0.6 V, respectively.

\(iii\) Computational studies: calculations were performed using density functional theory (DFT) using the DMol^[@ref3]^ package in Materials Studio. The effect of the substrate was not included. For input parameters and details for all calculations, see [Supporting Information](#notes-1){ref-type="notes"}.

Results {#sec3}
=======

The three carboxylic acids BPTC, TPTC, and QPTC readily adsorb onto the Au(111) surface from an aqueous solution and form phases stabilized by hydrogen bonding. STM images of BPTC, which has the shortest (biphenyl) backbone, on Au(111) are shown in Figure [2](#fig2){ref-type="fig"}. We find that BPTC forms arrays of highly regular rows in which molecules are arranged in a "head-to-tail" arrangement. Surface lattice constants are identified in Figure [2](#fig2){ref-type="fig"}b, and their values are shown in Table [1](#tbl1){ref-type="other"}. We propose a model, shown in Figure [2](#fig2){ref-type="fig"}c, in which each of the four carboxylic acid groups of the molecule participates in a single hydrogen bond. DFT calculations confirm that the proposed model is stable, and the calculated lattice constants are in excellent agreement with those measured experimentally (Table [1](#tbl1){ref-type="other"}). The binding energy (arising from intermolecular interactions due to hydrogen bonding) per molecule is 0.61 eV. Interestingly there is some freedom associated with this structure since any pair of carboxylic acid groups participating in a hydrogen bond may be rotated by 180° around the bond connecting them to the biphenyl group without significantly modifying the structure. We cannot determine the configuration of the hydrogen bonds from our images, but have confirmed that the unit cell and binding energies remain unchanged when DFT calculations are performed for combinations of molecules with different conformations of carboxylic acid groups ([Supporting Information](#notes-1){ref-type="notes"}). Thus, the same structural arrangement may accommodate molecules with a range of surface-induced conformation of carboxylic acid groups.

![STM image of BPTC molecules adsorbed on Au(111): (a) 12 × 12 nm^2^, (b) enlarged area of 5 × 5 nm^2^ showing the measured unit cell (red) and superimposed representation of molecules (white), (c) structural model of BPTC arrangements on a gold surface; experimental and theoretical values of the unit cell parameters are listed in Table [1](#tbl1){ref-type="other"}.](jp-2013-02333m_0003){#fig2}

###### Comparison of Experimental and Calculated Data Obtained for BPTC, TPTC, and QPTC

  BPTC   TPTC           QPTC                                                                    
  ------ -------------- ---------------- --- -------------- ---------------- --- -------------- ----------------
  a      1.2 ± 0.1 nm   1.18 ± 0.01 nm   c    1.2 ± 0.1 nm   1.15 ± 0.01 nm  a   2.0 ± 0.2 nm   2.22 ± 0.01 nm
  b      1.2 ± 0.1 nm   1.18 ± 0.01 nm   β      96 ± 1°       97.2 ± 0.1°    b   1.7 ± 0.1 nm   1.63 ± 0.01 nm
  α      106 ± 2°       109.0 ± 0.1°               \-              \-        γ   91.0 ± 0.1°    90.3 ± 0.1°

The longer TPTC molecule (Figure [3](#fig3){ref-type="fig"}) does not exhibit row structures but shows a more complex arrangement. The STM images confirm some local order (Figure [3](#fig3){ref-type="fig"}b) in which neighboring molecules are rotated by approximately 90° in a "head-to-edge" arrangement. We have calculated the binding energies of TPTC dimers, and these vary from 0.25 to 0.62 eV per dimer depending on the rotational conformation of the carboxylic acid groups. For example, the dimer with the highest binding energy is shown in Figure [3](#fig3){ref-type="fig"}c. However, images of larger areas show that several other nearest-neighbor configurations occur such as a parallel alignment. Furthermore there is an absence of well-defined domain boundaries, and even within the more ordered regions of the structure, the relative orientation of closely spaced molecules is not identical. These observations imply that there are many possible bonding configurations, and we attribute this to the multiplicity of distinct hydrogen bonding junctions as discussed in the next section.

![STM image of TPTC molecules adsorbed on Au(111): (a) 15 × 15 nm^2^, (b) enlarged area of 7 × 7 nm^2^ showing representation of molecules (white bars) and measured dimensions (red), (c) structural model of TPTC arrangements on a Au(111) surface. Experimental and calculated values of c and β are given in Table [1](#tbl1){ref-type="other"}.](jp-2013-02333m_0004){#fig3}

STM images (Figure [4](#fig4){ref-type="fig"}) of the longest molecule, QPTC, show a nearest-neighbor placement similar to the "head-to-edge" arrangement observed for TPTC. There is a greater degree of order for QPTC, and in this case it is possible to identify separate domains with different orientations and typical dimensions of 10--20 nm, as shown in Figure [4](#fig4){ref-type="fig"}. At the edges of these domains there are disordered regions which are rather similar to those observed for TPTC. From the images we can identify unit cell parameters (Table [1](#tbl1){ref-type="other"}), and the proposed structure is shown in Figure [3](#fig3){ref-type="fig"}c. The stability of this packing arrangement has been confirmed by DFT calculations to give a calculated binding energy of 0.66 eV/molecule and lattice dimensions (Table [1](#tbl1){ref-type="other"}) that are in very good agreement with experimental values.

![STM images of the QPTC adsorbed on Au(111): (a) 50 × 50 nm^2^ showing different domains (1, 2, 3), (b) 6 × 6 nm^2^ showing representation of molecules (white bars) and unit cell (red), (c) structural model of QPTC arrangement; experimental and theoretical values of structural parameters are given in Table [1](#tbl1){ref-type="other"}.](jp-2013-02333m_0005){#fig4}

We have considered the possibility that the molecules are deprotonated following deposition which has previously been reported for related molecules on Cu and Ag surfaces^[@ref19]−[@ref22]^ under ultrahigh vacuum conditions and following solution deposition. In the current work we do not believe the molecules are deprotonated since the molecular configurations observed in STM images are essentially unchanged for molecules which are deposited from solutions with added sulfuric acid and pH values of 1. In addition we have characterized the molecular layers using X-ray photoelectron spectroscopy (XPS) and found that the peaks in the C 1s and O 1s spectra are in the same positions for monolayers and thick films and are in the positions expected for a protonated carboxylic acid (see [Supporting Information](#notes-1){ref-type="notes"}).^[@ref19]−[@ref22]^ In addition previous studies of carboxylic acids on Au(111) have not shown evidence for deprotonation^[@ref9]^ at room temperature, although this effect is reported after annealing.^[@ref23]^

Discussion and Conclusions {#sec4}
==========================

The supramolecular structures we observe display differences in hydrogen bonding junctions between different molecules as compared with previous investigations. For BPTC,^[@ref15]^ TPTC,^[@ref13]^ and QPTC^[@ref17]^ adsorbed on graphite from nonanoic acid (in the presence of the solvent) a double hydrogen bond between adjacent carboxylic acids has been observed, similar to those originally observed for trimesic acid on graphite.^[@ref1],[@ref2]^ For TPTC and QPTC, the intermolecular binding energy for such a junction has been calculated to be 1.6 eV/molecule, significantly greater than the values calculated in the current work. A common feature of previous studies was the use of nonanoic and other alkanoic acids as solvents, and the resulting supramolecular arrangement is observed to have a more open structure leading to a lower surface density of molecules. For BPTC, TPTC, and QPTC adsorbed on gold we observe molecular densities of 0.7, 0.7, and 0.6 molecules/nm^2^, respectively. The values for adsorption on graphite are significantly lower: 0.5, 0.4, and 0.3 molecules/nm^2^, for BPTC, TPTC, and QPTC, respectively. We have recently argued that alkanoic acid molecules stabilize open pore structures on graphite.^[@ref14]^ Thus, for adsorption from nonanoic acid the overall surface energy has contributions from the tetracarboxylic acid molecules, arising from their adsorption to the surface and intermolecular hydrogen bonds, as well as contributions from the adsorption of solvent molecules. Therefore, the differences from the current work can be understood by consideration of the role of a combination of solvent and substrate effects. In the present study, we form monolayers by dipping into an aqueous solution of the carboxylate followed by blow drying, so we would not anticipate that solvent molecules would play a significant role in the stabilization of the structures we observe. Consequently there is no contribution to the overall surface energy due to solvent adsorption, and the molecules adopt an alternative arrangement in which overall surface energy is minimized through a higher molecular surface density. This higher density leads to a higher overall contribution from the molecule--substrate adsorption energy which we argue compensates for the lower intermolecular energies we see for the current case.

In addition there are interesting differences between each of the molecules studied here. BPTC forms a relatively simple ordered structure over large domains, and as discussed above the intermolecular hydrogen bonding junctions are essentially identical if the carboxylic acid groups are rotated through 180°. This is important since for the tetracarboxylic acids there are two ways to configure each carboxylic acid in a planar adsorption geometry leading to, overall, 2^4^ possible surface stabilized configurations for each molecule. Of these, six are equivalent under rotation by 180° about the normal to the surface, leaving 10 surface-induced isomers with inequivalent carboxylic acid configurations. At room temperature rotation of the carboxylic acids is expected to be strongly suppressed for adsorbed molecules so these isomers may not be interconverted. Nevertheless, the calculated degeneracy in intermolecular bonding energy under rotation of carboxylic acid groups indicates that no isomer will be excluded from a BPTC island and can be accommodated next to the suitable nearest neighbor with no additional energy cost. So, despite the likely presence of many isomers, ordered islands can still be formed.

The bonding observed for TPTC has a much more complicated dependence on the orientation of the carboxylic acid groups. The dimer shown in Figure [3](#fig3){ref-type="fig"} experiences a strong hydrogen bond arising through the interaction of the H atom on the left side of the "head" of the near-vertical molecule and the O atom on the upper-left carboxylic acid of the "edge" horizontal molecule. There is also a significant interaction at the junction between carboxylic acids at the right-hand side of the dimer. Note that the calculated structures are asymmetric with the higher interaction arising from the leftmost junction for the structure shown in Figure [3](#fig3){ref-type="fig"}. Unlike the BPTC molecule, there is a significant dependence of binding energy and dimer geometry under rotation of the two carboxylic acid groups forming this hydrogen bond. This is attributed to additional interactions between O atoms and H atoms attached to the phenyl ring. There is also an additional effect arising from the 180° rotation of the other carboxylic acid group of the vertical molecule. Consequently there are many possible binding energies for the different isomer combinations. These energies range from 0.25 to 0.62 eV with the molecular separation, *c* (see Table [1](#tbl1){ref-type="other"}), ranging from 1.13 to 1.19 nm. The calculations for other carboxylic acid configurations are shown in the [Supporting Information](#notes-1){ref-type="notes"}. In addition, there are dimers with similar energy with mirror symmetry, but similar geometry, in which the rightmost carboxylic acid junction dominates the intermolecular interaction. Thus, we argue that the multiplicity of many possible bonding junctions between different isomers with small variations in binding energy and geometry provides a source for the disorder which we observe, combined with herringbone-like intermolecular junctions.

For QPTC the intermolecular bonding is rather similar, but a consequence of the slightly longer molecular backbone comprising four phenyl groups is that there is less interplay and dependence of the geometry and binding energy on the configuration of the lower right carboxylic acid group of the vertical "head" molecule (in analogy with TPTC). In this case, it is possible to build an extended periodic structure from a dimer formed from a single conformational isomer (see Figure [4](#fig4){ref-type="fig"}c). This dimer has a binding energy of 0.33 eV which is close to the lowest calculated energy, 0.39 eV, for all possible dimer junctions. In fact the lowest energy dimer cannot be tessellated into a periodic structure since the respective carboxylic acid groups are not in a configuration which allows this. The close match between the calculated dimensions of all dimers (see [Supporting Information](#notes-1){ref-type="notes"}) leads us to suggest that the periodic structures contain a mixture of different conformational isomers within the same structural arrangement.

Overall our results highlight the importance of solvent and substrates in preparing such a molecular assembly, and the fragile nature of such structures must be considered when evaluating applications of supramolecular arrays for patterning surfaces. The presence of multiple carboxylic acids within one molecule leads to the possibility of surface-induced conformational and configurational isomers, which must also be considered when determining surface structures. For highly symmetric bonding junctions, such as those observed for these molecules in nonanoic acid, the presence of isomers may be readily accommodated within a single ordered structure. However, for junctions of lower symmetry, as proposed here, the multiplicity of possible junctions can lead to disordered arrangements. The preparation of monolayers by dipping in solutions and subsequent drying is a critical part of the growth of metal organic frameworks (MOFs)^[@ref24]−[@ref26]^ on surfaces, and our results also provide a basis for future investigations of the tetracarboxylic acids as framework molecules integrated into surface-grown MOFs.

Details of the calculations and a full set of calculated structures; XPS results for TPTC on gold; additional large area images for BPTC and TPTC. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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